In this study, we conducted an energetics analysis of the atmospheric general circulation for up-to-date reanalyses, JRA-55 and ERA-Interim, and compared the result with that of the old reanalysis, JRA-25. Since three-dimensional normal mode functions are used, we can separate the energy spectrum into Rossby and gravity components.
Introduction
Energetics analysis is a powerful tool to diagnose the atmospheric general circulation. Lorenz (1955) introduced available potential energy and conducted the energetics analysis of the atmosphere for the first time. He calculated the energy of zonal and eddy components and energy conversions of zonal-eddy and eddy-eddy interactions of kinetic and available potential energies. The energy flow is called Lorenz cycle. Saltzman (1957 Saltzman ( , 1970 expanded the Lorenz cycle of atmospheric energy in wave number space, and revealed details of zonal-wave and wave-wave interactions. The energy flow is called Saltzman cycle. Furthermore, Bore and Shepherd (1983) expanded the energetics to two-dimensional energy distributions by using spherical harmonic functions. They showed that the energy distributions of the atmospheric general circulation are functions of not only zonal scales but also meridional scales. Tanaka (1985) developed three-dimensional (3D) normal mode energetics using 3D normal mode functions. He evaluated the energy of the atmospheric general circulation decomposed into Rossby and gravity components and showed the energy spectrum of both components as functions of zonal wavenumbers, meridional modes and vertical modes, respectively. It is known that the zonal energy spectrum obeys the −3 power law which shifts to the −5/3 power law in higher zonal wavenumbers. Recently, the shift of the energy slopes was explained by Terasaki et al. (2011) as the change of dominant modes from Rossby to gravity modes.
The results of the energetics analysis depend on the different reanalysis datasets. For example, Watarai and Tanaka (2007) showed some differences between JRA-25, ERA-40 and NCEP reanalyses by using Lorenz's and Saltzman's energy cycles. Tanaka and Kimura (1996) also compared the multiple reanalysis datasets using the 3D normal mode energetics. Likewise, Žagar et al. (2009a, b) applied the 3D normal mode energetics to four different analyses and compared energy levels of gravity modes. With regard to model output, Terasaki et al. (2009) investigated the details of the kinetic energy spectrum of Non-hydrostatic Icosahedral Atmospheric Model (NICAM) for different resolutions by using Fourier analysis, and they showed that the highest resolution model can exhibit the shift of the energy slopes from the -3 power to -5/3 power laws.
The Japanese 55-year reanalysis (JRA-55; Kobayashi et al. 2015) is an up-to-date reanalysis dataset produced by Japan Meteorological Agency (JMA). One of the important features compared to the previous datasets is the change of the data assimilation method from 3D-Var to 4D-Var. ERA-Interim (Dee et al. 2011 ) is a recent reanalysis dataset produced by European Centre for Medium-Range Weather Forecasts (ECMWF), which is also based on the 4D-Var data assimilation system.
The purpose of this study is (1) to conduct the 3D normal mode energetics analysis using the latest datasets, (2) to investigate the differences among those reanalyses especially for gravity modes and (3) to compare the results with that of the previous reanalysis by JRA-25 (Onogi et al. 2005) . In Section 2, methodology and datasets used in this study are described. The results of the energetics analysis are presented in Section3, and the concluding remarks are summarized in Section 4.
Data and methodology
In this study, we conducted 3D normal mode energetics analysis that was developed by Tanaka (1985) . In this analysis scheme Hough harmonics are used for the horizontal expansion and vertical structure functions for the vertical expansion. In calculation of the vertical structure functions, we used Galerkin's method (Kasahara and Puri 1981) with a fixed value of static stability parameter (g = 30K) for mean surface temperature (T s = 300K) to compare different reanalysis datasets using a common expansion basis function. Due to the application of Hough functions, we can separate atmospheric variables into 3 parts: Rossby (rotational) mode, westward gravity mode and eastward gravity mode (Kasahara 1976; 1977) . The 3D spectral model for primitive equations expanded in the 3D normal mode functions may be written as follows:
where w i are the expansion coefficients, t is dimensionless time scaled by the angular speed of Earth's rotation, s i are eigenfrequencies of the Laplace's tidal equation, r ijk are interaction coefficients for nonlinear terms, and f i are expansion coefficients of external forcing of viscosity and diabatic heating rate. The subscripts i, j and k represent different sets of 3D wavenumbers (nlm), where n, l, and m denote zonal, meridional and vertical wavenumbers.
Total energy of each mode (E nlm ) is expressed by the expan-
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Results
Figure 1 shows total energy spectra of Rossby and gravity modes for each reanalysis in the zonal wavenumber domain. The energy spectrum of Rossby mode obeys the −3 power law and that of gravity mode obeys the −5/3 power law at higher wavenumbers (n ≥ 6). The magnitude of energy for Rossby and gravity modes becomes comparable in higher wavenumbers. Figure 2 shows kinetic and available potential energy spectra in the vertical wavenumber domain. Here, the vertical wavenumber is calculated as a wavenumber (m m ) in a log-pressure vertical coordinate as in Eq. (8) of Terasaki and Tanaka (2007) as follows:
where R is the gas constant of dry air and g is Earth gravity acceleration. As the barotropic mode (m = 0) does not have a node and cannot define the vertical wavenumber, the energy spectrum of barotropic mode is plotted at the left corner by different symbols for the sake of convenience. The energy spectrum in the vertical wavenumber domain has two energy peaks, i.e., barotropic and m = 4 of the baroclinic mode (the equivalent height corresponds to ~250 m). The kinetic energy is dominant in the barotropic component and the available potential energy is dominant at m = 4 of the baroclinic component. The kinetic energy spectrum follows the −3 power law from the vertical wavenumber 2 to 10, which agrees with the vertical energy spectrum by Terasaki (2009) .
The kinetic energy spectrum becomes less steep in higher wavenumbers, and the energy of Rossby and gravity modes becomes nearly the same magnitude around this scale (Supplement 1). According to the results, it is found that the energy slope in the vertical wavenumber domain has a similar relation as the zonal wavenumber spectrum, i.e., the dominant mode changes from Rossby mode to gravity mode. However, vertical structure functions used in this study are constructed by Galerkin's method in contrast to the analytical method in Terasaki (2009) . It is known that vertical structure functions constructed by the numerical method are quite different from that constructed by the analytical method at higher order vertical modes due to the aliasing. Theresion coefficient as follows:
where p s and h m denote surface pressure (1013 hPa) and equivalent height for the vertical mode m. The energy spectrum for n = 0 is defined by the half value of Eq. (2). The energy balance equation written in the spectral form is obtained by differentiating Eq. (2) with respect to time and substitute Eq. (1):
where terms B nlm and C nlm represent energy interactions associated with kinetic energy and available potential energy, respectively. The summation of these energy interaction terms must be zero when all modes are summed. However, the actual summation is not zero due to numerical error. Therefore we modify these values by adding the residual to the zonal component. The term D nlm represents the sum of energy generation by the differential heating and the energy dissipation by the diabatic processes.
The data used in this study are two latest reanalyses: JRA-55 and ERA-Interim, and one previous reanalysis: JRA-25. These datasets contain horizontal wind (u, v) , geopotential f, temperature T, and vertical p-velocity w, defined at every grid point of 1.25° longitude by 1.25° latitude at 37 pressure levels from 1000 to 1.0 hPa for JRA-55 and ERA-Interim and 23 pressure levels from 1000 to 0.4 hPa for JRA-25. In order to expand in vertical direction, these data are interpolated from those pressure levels to 60 Gaussian vertical levels by cubic spline method. We calculate the energy spectrum and energy interactions by using four times daily (00, 06, 12 and 18 UTC) data for each reanalysis, and average for wintertime (December, January and fore, it needs more careful investigation for higher order vertical modes. Figure 3 shows differences of kinetic energy between (a) JRA-55 and JRA-25, and (b) JRA-55 and ERA-Interim in zonal wavenumber domain. Because the abscissa is logarithmic axis, the energy difference of zonal component (n = 0) is plotted at left corner by different symbols for the sake of convenience. The most remarkable characteristic in Fig. 3 is that the kinetic energy of Rossby modes for JRA-55 is larger than that for JRA-25 and ERA-Interim in all wavenumbers. With respect to gravity modes, the kinetic energy for JRA-55 is smaller than that for JRA-25 in n = 10−25. Since the same characteristic is also shown for the available potential energy of gravity modes in this range (not shown), it is found that JRA-25 contains artificial gravity waves. In contrast, the kinetic energy of gravity mode for JRA-55 is larger than that for JRA-25 in n = 3−9 and n ≥ 25. The energy of gravity modes for ERA-Interim is larger than that for JRA-55 in n = 0−10, and the energy spectrum of gravity modes for JRA-55 is almost comparable to that for ERA-Interim in smaller scale (n > 10). This relation of the difference for each scale can be seen in available potential energy spectrum of gravity modes. According to Figs. 1 and 2, the difference of the total energy for each reanalysis is quite small, and characteristics of the spectral peak and slope are quite similar. However, it is found that the general circulation for JRA-55 is highly balanced between wind and geopotential compare to other reanalysis datasets.
According to the energy difference of zonal component, the energy for JRA-55 is larger than that for JRA-25 in both Rossby and gravity modes. The energy of Rossby mode for JRA-55 is also larger than that for ERA-Interim, while the energy of gravity mode for JRA-55 is smaller than that for ERA-Interim. Therefore, the result of larger gravity mode energy for n = 0 suggests that the Hadley circulation in the tropics is strong for ERA-Interim, JRA-55 and JRA-25 in tern. Likewise, the result of larger Rossby mode energy for n = 0 suggests that the mid-latitude jet stream is strongest for JRA-55. Figure 4 shows total energy spectra of Kelvin and mixed Rossby-gravity (MRG) modes in the zonal wavenumber domain (Fig. 4a) and in the vertical wavenumber domain (Fig. 4b) . These modes are most important in the tropics. In Fig. 4a , the energy spectrum of MRG mode follows the −3 power law in the synoptic scale with the energy peak at n = 6, while the energy spectrum of Kelvin mode almost follows the −5/3 power law in all wavenumbers with the peak at n = 1. In Fig. 4b the energy of barotropic mode is plotted at the left corner of the graph for Kelvin and MRG as in Fig. 2 . According to the result, the energy spectrum of MRG mode shows the peaks at m = 0 and 4, and the spectrum follows the −3 power law in the higher order vertical modes which was not seen in Tanaka (1985) . The energy spectrum of Kelvin mode shows a single peak at m = 4 with lower energy level for m = 0. The energy levels are higher than that of MRG at the higher order vertical modes.
The comparison of each reanalysis indicates almost similar energy spectrum for Kelvin and MRG modes. However, the difference of energy spectrum can be seen in the larger vertical wavenumbers. Figure 5 shows the kinetic and available potential energy interactions for each reanalysis in the zonal wavenumber domain (Fig. 5a ) and in the vertical mode domain (Fig. 5b) . According to the results for Fig. 5a , available potential interactions C show large positive values at n = 3 and 6, while kinetic energy interactions B shows large negative values at n = 2 and 6. The different signs between B and C indicate the baroclinic energy conversion from available potential energy to kinetic energy in the synopticscale disturbances (n = 5−8). According to the results for 
Conclusion
In this study, we conducted the energetics analysis of atmospheric general circulation in winter for JRA-55, ERA-Interim and JRA-25 reanalyses by using 3D normal mode expansion. JRA-55 and ERA-Interim are the latest reanalyses, which are improved in resolution, data assimilation method, chemical processes, among others. From the results of the analysis, the energy peaks and the energy slopes for different reanalysis agree with each other. The energy interactions of kinetic and available potential energies also showed almost same features for each reanalysis.
However, the comparison of the kinetic energy spectrum among the reanalysis datasets showed that JRA-55 has the largest energy of Rossby mode in all scales. On the other hand, the kinetic energy of gravity mode for JRA-55 in planetary to synoptic scale is smaller than that for ERA-Interim. In the small scale (n > 10), the kinetic energy of gravity mode is comparable for these reanalyses. Therefore, as one of the features of JRA-55, the relation between wind and geopotential is closer to the geostrophic balance than that of other two datasets, whereas the smallscale motions associated with the gravity modes are comparable to that for ERA-Interim. In addition, JRA-55 has larger zonal kinetic energy of Rossby modes compared to other two reanalyses indicating a strong jet stream in mid-latitudes. According to the result of the energy interactions, the strength of baroclinic conversion associated with synoptic scale disturbance is almost same as for ERA-Interim.
According to the comparison for JRA-55 and JRA-25, JRA-25 has larger energy of gravity modes in the intermedium scale (10 < n < 25). However, owing to the finer resolution and advanced data assimilation method, the gravity mode energy for JRA-55 became larger than that for JRA-25 for the small scale (25 < n). Thus, the excessive gravity mode energy for JRA-25 might come from the artificial imbalance in 3D-Var. Furthermore, it is found that the zonal energy of Rossby and gravity modes is larger in JRA-55 than JRA-25 suggesting the stronger jet stream in mid-latitude and Hadley circulation in the tropics. According to the result of the energy interactions, the strength of baroclinic conversion for JRA-55 is stronger than for JRA-25.
In this study, we focus the energetics in winter climate from 1979 to 2010. However, the difference in the energetics might be much larger in a shorter time scale for different reanalyses. It is desirable to compare the energy cycle focusing on the extreme event, for example, the prominent Arctic Oscillation negative in 2009/10 and strong Madden-Julian Oscillation event in March 2015.
